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Using a picosecond pump-probe ultrasonic technique, we study the propagation of high-amplitude,
laser-generated longitudinal coherent acoustic pulses in the viscoelastic fragile glass former DC704.
We observe an increase of almost ten percent in acoustic pulse propagation speed of its leading shock
front at the highest optical pump fluence which is a result of the supersonic nature of nonlinear
propagation in the viscous medium. From our measurement we deduce the nonlinear acoustic
parameter of the glass former in the GHz frequency range across the glass transition temperature.
PACS numbers: 62.60.+v, 64.70.P-, 62.50.-p
Observation of laser-driven shock wave propagation
provides direct experimental access to the equation of
state of strongly compressed materials. This informa-
tion is of paramount importance for geophysics, astro-
physics [1] and inertial confinement fusion [2]. For many
years, measurements of shock velocities have been pos-
sible through transit time measurements [3]. Only re-
cently, single-shot optical velocity interferometry [2, 4–9]
allowed direct access to the dynamics of shock front mo-
tion in transparent solids but has been restricted to ex-
perimental configurations where the shock transforms the
media into a new, highly reflecting phase. Through this
technique, the decay of both plane [4, 7] and convergent
[9, 10] shocks with pressures exceeding tens of GPa have
been reported. The propagation of shock waves in soft
transparent materials such as polycarbonate and PMMA
has been observed by single-shot ultrafast dynamic ellip-
sometry [11, 12], a method allowing the separation of
pressure-induced variations in elastic and optical prop-
erties. In such materials, characteristic pressures ranged
from a few GPa to 10-20 GPa and acoustic Mach numbers
defined as MA = u/v0 – where u is the particle velocity
and v0 the linear acoustic velocity – were subsonic in the
range 0.2 < MA < 0.9. Very recently, the propagation
of weak shock waves with Mach numbers MA < 0.1 and
pressures below the damage threshold of the sample has
been observed in thin sapphire slabs through ultrafast op-
tical reflectivity [13], in a 4:1 methanol-ethanol mixture
in a diamond anvil cell by ultrafast velocity interferom-
etry [14], in a piezoelectric thin film through THz spec-
troscopy [15], in a gold film through ultrafast plasmon
interferometry [16] and ultrafast optical imaging [17]. In
such weakly nonlinear acoustics experiments [18], no vari-
ation of the weak shock wave velocity during propagation
has been reported to date. In a different manner, an indi-
cation for the nonlinearity of picosecond acoustic pulses
with Mach numbers 0.0007 < MA < 0.0018 and their
decay within 1-3 mm propagation distances has been ob-
served by classical Brillouin spectroscopy [19] through
measurement of the distribution of 22 GHz longitudinal
phonons along the acoustic pulse trajectory. In such ex-
periments, information on wide-frequency-band nonlin-
ear waves is obtained from the spatial distribution of its
single Brillouin frequency component. The dependence
of the Brillouin frequency shift on the amplitude/velocity
of nonlinear acoustic pulses has not been reported so far.
In this letter we report direct measurements of the ve-
locity of decaying, weak shock fronts using the technique
of picosecond Time-Domain Brillouin Scattering (TDBS)
[20]. To our knowledge, this technique has so far only
been applied to measurements of variations in the prop-
agation velocities of linear acoustic pulses caused by the
spatial inhomogeneous heating of a material or elastic
inhomogeneities of the material itself along the propa-
gation direction [21]. In this work we directly observe
the decay of a weak shock wave as it propagates. Vari-
ations of the shock velocity with propagation distance
and across the glass transition temperature are revealed
through variations in the Brillouin scattering frequency.
Our observations lead to the estimate of the nonlinear
acoustic parameter of a fragile glass former [22] DC704
at around 20 GHz at temperatures across the glass tran-
sition.
Samples were prepared by squeezing liquid tetramethyl
tetraphenyl trisiloxane (trade name DC704, glass transi-
tion temperature [23] Tg ≈ 210 K, commonly used as dif-
fusion pump oil) between two optically clear substrates,
a generation side substrate which held a 33 nm aluminum
transducer film and a detection side substrate, see inset
Fig. 1(A). The liquid thickness was about 100 µm. Anhy-
drous DC704 was used as purchased from Sigma-Aldrich
and forced through several linked 0.2 µm teflon millipore
filters to remove dust particles before applying to the
sample without further purification. After the sample
was built it was transferred to a cryostat and the sample
chamber was immediately evacuated.
Our front-back pump-probe setup was based on the
common picosecond ultrasonics approach based on TDBS
[24–27]. Absorption of an optical pump pulse and sub-
sequent rapid thermal expansion launched the longitudi-
nal acoustic wavepacket into the sample. The excitation
pulses from a Ti:Sapphire amplifier laser system (Coher-
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FIG. 1: (Color online) (A) Inset (top): Experimental setup
with the ∼100 µm liquid squeezed in between two sapphire
substrates, one of them holding a 33 nm aluminum photoa-
coustic transducer film that launched an acoustic wavepacket
into the liquid through transient absorption of an optical
pump pulse. Acoustic propagation through the liquid was
then detected by a time-delayed optical probe pulse. (A) In-
set (bottom): The propagating acoustic wavepacket in the
transparent liquid resulted in Time-Domain Brillouin Scat-
tering oscillations. (A) Normalized datas recorded at 200 K
at two representative low and high fluences with thermore-
flectance background removed. (B) Extracted values for the
time variation of the “local” Brillouin frequency νB . Clearly
apparent is the frequency down-chirp with increasing time at
high fluence caused by nonlinear acoustic pulse propagation
of the weak shock.
ent RegA, 250 kHz repetition rate, 790 nm wavelength,
8 nm bandwidth, 200 fs pulse duration), were focused on
the sample to a 100 µm spot. A small portion of the laser
output was frequency doubled to 395 nm wavelength and
time-delayed to serve as a probe. Expansion of the laser
beam to about 1 cm diameter allowed us to ensure good
beam pointing stability and practically no change of the
beam diameter of 40 µm at the sample.
Propagation of the acoustic waves from the transducer
film into the liquid were optically detected by TDBS.
The coherently scattered field, whose optical phase varied
depending on the acoustic wave peak and null positions,
superposed with the reflected probe field, resulting in
signal intensity that showed time-dependent oscillations.
The frequency ν
B
of these oscillations is related as in
any Brillouin scattering measurement to the propagation
velocity v of the Fourier component ν
B
of the acoustic
field, to the index of refraction n at the probe wavelength
λ, through the relation (in case of normal incidence of the
probe beam),
ν
B
= 2nv/λ . (1)
Coherent Brillouin scattering data obtained at two dif-
ferent pump laser fluences are shown in Fig. 1(A).
A nonoscillatory signal component due to thermore-
flectance of the aluminium film has been subtracted to
emphasize the acoustic signal components. The routine
fitting procedure based on two damped exponents that
we used to filter the thermal background did not in-
fluence the Brillouin component. After background re-
moval, we fitted the whole time interval with an exponen-
tially damped sinusoidal form to obtain a precise value
of the initial input Brillouin frequency. In a second step
we selected a short time interval, about two and one half
oscillation cycles, and fitted it with adjustable values for
the Brillouin frequency νB . We associated the obtained
frequency with the middle value of the time interval. Af-
ter shifting the time interval by 10 ps to larger times, we
repeated the second step over the whole available time de-
lay between about 25 ps and 2000 ps, which allowed to ex-
tract the time variation of the “local” Brillouin frequency.
As a check on our procedure, we plotted the variable-
frequency function determined by the successive fits and
compared it to the data set. The fitted functions coin-
cide almost exactly with the data set. Fig. 1(B) shows
the fitting results, the time evolution of the “local” Bril-
louin frequency. At the relatively low pump fluence of
1.0 mJ/cm2, the acoustic strain amplitude is close to the
limit of the linear response and the Brillouin frequency
is therefore almost constant over the recorded time delay
interval. On the other hand, at about ten times higher
pump fluence of 10.3 mJ/cm2, the initial Brillouin scat-
tering frequency is significantly higher than in the low
pump fluence limit and decreases with increasing time
delay. This Brillouin frequency down-chirp is a result
of nonlinear acoustic effects. However, since the tem-
perature rise can induce a change in the refractive index
which may affect the Brillouin scattering frequency (from
Eq. (1)), careful simulations of heating effects [28] in the
sample, both on a single shot basis (fs to ps time scales)
and steady state, were carried out in order to avoid er-
roneous interpretation of the results. Our simulations of
the heat diffusion reveal that the efficient heat flow into
the sapphire allowed rapid cooling of the temperature
rise at the laser excited aluminum-sapphire interface to
just 10 % of its initial value (which could be as large as
several hundred Kelvin) after ∼30 ps. Thus, single-shot
heat flow into the liquid was negligible, and had no de-
tectable effect on the signal. In addition, subsonic heat
flow into the liquid has no influence on the propagating
acoustic pulse and therefore, single-shot heating effects
on the sound speed were irrelevant. In contrast, cumula-
tive heating caused a slight homogenous temperature rise
in the liquid of up to 4.5 K at the highest pump fluence
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FIG. 2: (Color online) (A) Measured results of the fractional
Brillouin frequency shift in DC704 for different laser pump
fluences at 200 K sample temperature. Dashed lines are fits
by Eq. (2). (B) and (C) Fitting parameters ε ×MA and τA .
Dashed lines are linear fits of the extracted parameters.
of 10.3 mJ/cm2, which is relatively low and can’t explain
the observed change in Brillouin scattering frequency.
In fact due to nonlinear multi-frequency interaction of
all the spectral components of the large-frequency-band
weak shock pulse, the high frequencies components, in-
cluding the specific Brillouin frequency ν
B
, become pref-
erentially spatially localized at the vicinity of the weak
shock front. This is known as the process of nonlinear
steepening of the shock front during propagation. Con-
sequently, the velocity related to the Brillouin frequency
component matches the velocity of the weak shock front.
This qualitatively explains the sensitivity of this mea-
surement to the velocity of the weak shock front through
TDBS, which in turn depends on the amplitude of the
shock. Since the light scattering process is predominant
at the moving shock front, which can be approximated
as a moving weakly reflecting mirror, the Brillouin fre-
quency ν
B
corresponds to the Doppler frequency shift of
the reflected probe light, proportional to the velocity of
the mirror. Then Brillouin scattering results reveal the
change in the weak shock speed v of equation Eq. (1) in-
duced by nonlinear acoustic effects at the frequency ν
B
.
A full set of transient reflectivity data covering a broad
fluence range from 0.29 µJ/cm2 to 10.3 µJ/cm2 have
been acquired and analyzed. From the extracted “lo-
cal” Brillouin frequency time variation νB(t), we calcu-
lated the fractional Brillouin frequency shift ∆ν
B
(t)/ν◦
B
,
where ∆ν
B
(t) = ν
B
− ν◦
B
is the Brillouin frequency in-
crease over the linear limit Brillouin frequency ν◦
B
, see
Fig. 2. We included the slight variation of the linear Bril-
louin frequency from a temperature change, caused by
steady state heating of the sample at increasing pump flu-
ence. From the temperature-dependent refractive index
of DC704 at 395 nm, n(T ) = 1.748−4.9·10−4 K−1×T [K]
[29], we have corrected the linear Brillouin frequency for
the change due to laser heating according to Eq. (1).
This resulted in a slight decrease in the linear Brillouin
frequency with increasing fluence, as shown in Fig. 1(B).
The following asymptotic equation (derived in [30]), was
used to fit the fractional Brillouin frequency shifts of
Fig. 2(A),
∆ν
B
(t)
ν◦
B
=
εMA/2√
1 + (εMA/2) · t/τA
, (2)
where ε is the nonlinear acoustic parameter, MA the
Mach number. Eq. (2) assumes compressive strain shock
pulses of triangular shape of duration τ
A
at FWHM and
δ-localized leading shock fronts, see inset Fig 1(A). The
reduction of ∆νB(t) with time in Eq. (2) is due to the
decrease of the propagating weak shock front amplitude
∼ 1/√1 + (εMA/2) · t/τa due to linear and nonlinear
acoustic attenuation which tends to dissipate the non-
linear steepening of the weak shock front. The results
of fitting our experimental results by Eq. (2) with εMA
and τ
A
as fitting parameters are shown in Fig. 2(A). The
fitting results are in excellent agreement with the datas
over the complete experimental time window 100 ps <
t < 2000 ps, confirming the validity of our model de-
scribed by Eq. (2). From our model the emitted pulse
at the aluminium transducer is rather rectangular and
reshapes to a triangular shape within the first 100 ps, ex-
plaining the reason why at time delays below 100 ps the
fitting is reliable but not perfect. The additional modu-
lation of ∆ν
B
(t), caused by optical interference phenom-
ena of the probe light reflected by the trailing edge of
the pulse as well as the shock front broadening can be
neglected at fluences above 1.9 mJ/cm2 (see Section 7 in
[30]). In fact our theory is better suited for higher flu-
ences and therefore the uncertainties of the fitted param-
eters are negligible at high fluences. The almost linear
dependence of εMA on fluence, as shown in Fig. 2(B),
can be used to evaluate the nonlinear acoustic parameter
of the liquid at GHz frequency. Since the Mach number
MA linearly scales with fluence, our results indicate that
the nonlinear parameter ε does not vary with fluence and
can be assumed to be constant in the fluence range up
to 10 mJ/cm2. The mean value τA ' 5.2 ps in Fig. 2(C)
determined from fits is in excellent agreement to the the-
oretically expected τ
A
' 5 ps equal to the time of sound
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FIG. 3: (Color online) Parameter from fits to tempera-
ture dependent results at 2.9 mJ/cm2 pump fluence: (A)
Extracted nonlinear parameter times acoustic Mach number
ε×MA, both as function of temperature, where the theoret-
ical value of τA= 5 ps was used. (B) Calculated initial Mach
number as function of temperature and (C) corresponding
nonlinear parameter ε versus temperature across the DC704
glass transition temperature Tg ≈ 210 K. Dashed lines serve
as guides to the eye.
propagation through the aluminium film, providing an
additional argument in support of the model expressed
by Eq. (2).
Measurements of nonlinear acoustic parameters
around a glass transition have never been reported at
GHz frequencies. However, we can expect that, at the
glass transition, from the glass state to the highly vis-
cous state, the acoustic nonlinearities may show a signif-
icant change due to the intrinsic structural reorganiza-
tion of the glassy material. In order to check this general
expectation, we have performed temperature dependent
measurements of Brillouin scattering around the DC704
glass transition at 2.9 mJ/cm2 pump fluence. The re-
sults of temperature variation of the fitting parameter
εMA based on Eq. (2) are shown in Fig. 3. In order
to extract the relevant ε parameter, we have calculated
the temperature dependent Mach number MA from the
following equation,
MA =
4 v/vl
(1 + ρlvlρ v )(1 +
ρv
ρs vs
)
× β αFL
ρCpH
, (3)
where v, vs and vl are the speed of sound of aluminium,
sapphire and of DC704, and ρ, ρs, ρl their densities, Cp is
the heat capacity of aluminium, H the aluminium thick-
ness, β the linear thermal expansion coefficient, α the
optical absorption coefficient for aluminum at 790 nm
pump wavelength and FL the laser fluence. The second
multiplier on the right-hand side of Eq. (3) expresses the
laser generated strain while the first one is related to
the acoustic transmission and reflection across the alu-
minium/DC704 and aluminium/sapphire interfaces. The
calculation was performed with temperature-dependent
values for the coefficients from [29, 31–33]. The calcula-
tion of the Mach number shown in Fig. 3(B) reveals that
it is almost constant with temperature. Finally, from
the calculated MA, we have obtained the temperature
evolution of the nonlinear coefficient ε across the glass
transition temperature Tg, see Fig. 3(C). As expected,
the nonlinear coefficient of the glass state is lower than
in the viscous state, probably because of the difference in
the intermolecular interaction potential between a solid
and a liquid. More surprisingly, the nonlinear coefficient
increases in the liquid state about 10 times for a temper-
ature increase of only 50 degrees above Tg. Our mea-
surements highlight a significant change of the acoustic
nonlinearities across Tg, much more pronounced than for
the linear acoustic parameters, as for the speed of sound
that changes only by 10% for an equivalent temperature
change [29]. The huge change in the nonlinear coefficient
across Tg has similarities with [34] where it is reported
that in ferroelectric ceramics the nonlinear parameter at
10 MHz frequency diminishes about 10 times when the
temperature is diminished by 100 degrees from the Curie
temperature.
Our observation of an inverse square root dependence
of the shock velocity with time confirms the validity of
the classical models of nonlinear acoustics [18] extrapo-
lated at picosecond time scales. From our measurements
we have extracted material-specific nonlinear acoustic
parameter which characterizes the anharmonicity of the
intermolecular interaction potentials of the material
under study. We determined the dependence of the
nonlinear acoustic parameter of a fragile glass former
DC704 at around 20 GHz at temperatures across the
glass transition in the glass state and highly viscous and
lightly viscous liquid state.
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